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ABSTRACT 

A four-phase investigation was conducted to select a rocket engine 
diffuser auxiliary ejector configuration.    The configuration was required 
to maintain test cell pressure sufficiently low to keep the rocket engine 
nozzle flowing full at 10 percent of full power while operating against an 
exit pressure of approximately 1, 50 psia.    The investigation was in sup- 
port of the LEM Descent test program scheduled for the J-3 test cell. 
The annular-type auxiliary ejector was selected because of its superior 
performance over the centerbody-type ejector.    A successful model 
rocket engine throttling demonstration to 10 percent of full power was 
made with the annular-type auxiliary ejector.    An ejector second throat 
(having a contraction area ratio of 0. 62) was used to increase the limit- 
ing diffuser exit pressure.    Pressure distribution through the J-3 model 
ducting was obtained at various exhaust header pressures. 

in 
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SECTION  I 
INTRODUCTION 

A variable thrust capability to provide more versatility for space 
rendezvous has recently become a rocket engine requirement.    Some 
proposed test programs at AEDC involve rocket engines which have 
operational thrust ranges from maximum power down to 10 percent of 
maximum.    The experimental determination of throttlable rocket engine 
performance requires an installation in which a relatively constant test 
cell pressure is maintained during throttling. 

The objective of the program reported herein was to develop a rocket 
engine diffuser auxiliary ejector configuration for Propulsion Engine Test 
Cell (J-3) in support of the Lunar Excursion Module (LEM) Descent pro- 
gram.    This configuration must maintain a test cell pressure sufficiently 
low to keep the rocket engine nozzle flowing full during transient thrust 
variation from full power to 10-percent power when operating against an 
exhaust pressure of approximately-1. 50 psia.    During operation,  the 
auxiliary ejector driving fluid mass flow was to be kept at a minimum for 
the available diffuser exit pressure. 

The investigation was conducted to select the type of auxiliary ejector 
(annular-type or centerbody-type) which would satisfy the objective and 
requirements.    To evaluate the types of auxiliary ejectors,  the program 
was divided into four phases: 

I.      Cold-flow centerbody-type ejector blockage stud}' 

II.   1  Centerbody-type ejector performance study 

III. Diffus er-ejector performance evaluation of the centerbody- 
and annular-type ejectors with a simulated rocket engine. 

IV. Diffuser-ejector performance evaluation of the centerbody- 
and annular-type ejectors with a model liquid-propellant rocket 
engine. 

SECTION   II 
APPARATUS 

The basic test hardware used in the four phases of the investigation 
included a dummy centerbody-type ejector to simulate blockage,   a small 
nozzle area ratio centerbody-type ejector,  a large nozzle area ratio 
centerbody-type ejector,  and an annular-type ejector.    The centerbody- 
type or annular-type ejector configurations were used in tandem with a 
simulated rocket engine nozzle or a model liquid-propellant rocket engine. 
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2.1   SIMULATED ROCKET ENGINES 

Three axisymmetric conical nozzles used to simulate rocket engines 
are shown in detail in Figs,   la through c as configurations A,  B,  and C. 
A description of the nozzle configurations is given in Table I. 

2.2  MODEL LIQUID-PROPELLANT ROCKET ENGINE 

The liquid-propellant rocket engine configuration D (Fig. Id) is a 
pressure-fed unit utilizing nitrogen tetroxide (N2O4) and Aerozene-50 
as the propellant. The nozzle was contoured and had an area ratio of 
40.    A description of the engine nozzle configuration is given in Table I. 

The propellant lines to the engine were provided with valves and 
orifices to accommodate thrust variation by changing propellant flow rate 
at constant tank pressure.    The details of this arrangement are shown in 
Fig.  2. 

2.3  DIFFUSER AND AUXILIARY EJECTOR TEST CONFIGURATIONS 

2.3.1 Phase   I 

A schematic of the test configuration is shown in Fig.  3,  and a 
description is given in Table II.    The dummy centerbody-type ejector 
{configurations 1 through 9) used to produce blockage in the diffuser 
was changed in diameter and nose cone shape and used with two diffuser 
sizes.    Details of the nine configurations tested are shown in Fig.  3. 
The dummy centerbody-type ejector position with respect to the simu- 
lated rocket engine was made variable by a screw mechanism attached 
to the simulated ejector driving fluid supply line. 

2.3.2 Phase   II 

Details of the centerbody-type ejector {configuration 10) with a 15-deg 
half-angle nose cone and nozzle area ratio of 7. 54 are shown in Fig.  4. 
Test configuration 2 {Table II) consisted of a test cell 12 in.   in diameter 
and 21 in.  long,  into which atmospheric air was bled in through a control 
valve to the nozzle plenum shown in Fig.  5.   Two lengths of the 3.48-in. - 
diam duct were used,  giving an (L/D)e   =2.6 or 8. 
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2.3.3 Phase  III 

The test configurations used in Phase III are described as 2c,  d,  and 
e and 3a and b in Table II.    Test configuration 2c was the same as that 
used in Phase II (test configuration 2a) except that a simulated rocket 
engine {nozzle configuration B,  Fig.   lb) was used in place of the atmos- 
pheric inbleed system shown in Fig.   5.    Modifications were made by 
adding two sizes of second throats to the ejector,  giving test configura- 
tions 2d and e.    Figure 6 gives the details of these test configurations 
(2c,  d,  and e). 

The annular-type ejector configurations 11 and 11a used in test con- 
figurations 3a and b were the annular type.    This rocket engine diffuser- 
ejector configuration consisted of a 7. 68-in. -diam duct contracted through 
a 12-deg half-angle to a 5. 87-in, -diam duct forming the diffuser second 
throat.    Connected to the second throat was a symmetrical expanding 
annular nozzle having an area ratio of 16. 62 and a throat area of 1. 86 in. 2, 
The annular nozzle discharged into a 9. 93-in. -diam constant area duct, 
forming ejector configuration 11.    A 7. 82-in. -diam ejector second throat 
was added to give configuration 11a.    Details of the annular-type ejector 
are shown in Fig.   7.    The test configuration shown in Fig.   8 is an approxi- 
mate 1/10-scale (based on diameters) model of the J-3 test cell ducting. 
The simulated rocket engine (nozzle configuration C,  Fig.   lc) was used 
in test configurations 3a and b. 

2.3.4 Phase   IV 

The test configurations (Table II) were used with rocket engine con- 
figuration D (Table I).    One test configuration (3c) used the same annular- 
type ejector as in Phase III but used the model rocket engine configura- 
tion D rather than the simulated rocket engine configuration C.    This test 
configuration is also shown in Fig.  8. 

The second test configuration had a centerbody- instead of the 
annular-type ejector.    The centerbody-type ejector configuration 12 was 
built with the same basic geometrical parameters as the annular-type 
ejector,  as shown in Table II.    Dimensional details of the centerbody- 
type ejector nozzle configuration 12 are presented in Fig.   9.    The rocket 
engine and centerbody-type diffuser-ejector installation and diffuser 
details are presented in Fig.   10. 

Test configuration 4 (Fig.   10) is the same as 3e except that the 
annular-type ejector was replaced by the centerbody-type ejector. 
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2.4  SIMULATED ROCKET ENGINE AND EJECTOR DRIVING FLUID 

Air from the VKF 4000-psi storage tank or 200-psig saturated steam 
from the AEDC central plant provided the driving medium for the simu- 
lated rocket engine and auxiliary ejector.    A plenum total pressure range 
from 0 to 100 psia for air or steam was supplied to the simulated rocket 
engine and/or the auxiliary ejector.    The diffuser exhaust pressure was 
varied from 0 to approximately 10 psia by means of a valve or held con- 
stant at a predetermined value by the exhaust machines. 

2.5   INSTRUMENTATION 

The parameters of primary interest were cell pressure,  rocket 
engine and ejector driving fluid total pressure and temperature,  and 
rocket engine diffuser and auxiliary ejector exit pressure.    The investiga- 
tion included both steady-state and transient instrumentation. 

The steady-state pressure sensing instrumentation consisted of 
diaphragm-activated dial gages which were periodically calibrated to 
ensure that the readings were within the calibration range.    The tem- 
peratures were measured with copper-constantan thermocouples and were 
read on compensating millivoltmeters. 

The transient instrumentation consisted of pressures sensed by trans- 
ducers and recorded on oscillographs and strip charts by null-balance, 
potentiometer-type recorders.    The transient pressures were obtained by 
a galvanometer having a frequency response of 60 cps. 

All pressure transducers were laboratory calibrated against a sec- 
ondary standard before installation.    Prior to and after each test,  all 
pressure transducers were resistance-calibrated in place to verify the 
electrical portion of the transducer and data acquisition system. 

Only a 0 to 100 psia transducer was used to measure the rocket engine 
chamber pressure,   Plr ,  for both 100 and 10-percent power.    The accuracy 
of measuring the chamber pressure in the 10-psia range on the 0 to 100 psia 
transducer is not good; therefore, the chamber pressure to which throttling 
was accomplished {10 to 20 psia) may be in error. 

The rocket engine oxidizer and fuel flows were sensed by turbine-type 
flowmeters,  indicated visually on frequency-to-dc converters,  and recorded 
on an oscillograph in cycles per second. 
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SECTION   III 
TEST PROCEDURE 

This investigation consisted of four phases:   (I) cold-flow centerbody- 
type ejector blockage study with air as the simulated rocket engine driv- 
ing fluid,   (II) centerbody-type ejector performance study with air, 
(III) diffus er-ejector performance evaluation of the steam-driven 
centerbody- and annular-type auxiliary ejectors with a simulated air- 
driven and steam-driven rocket engine,  and (IV) diffuser-ejector per- 
formance evaluation of the steam-driven centerbody- and annular-type 
auxiliary ejectors with a model liquid-propellant rocket engine. 

3,1   PHASE  I 

The procedure for the cold-flow centerbody-type ejector blockage 
study for all test configurations was the same.    Rocket engine diffuser 
starting characteristics were checked at a low steady-state value of 
diffuser exit pressure [(Pn)hp = 0. 50 psia] by increasing the rocket 
engine driving pressure from 0 to 100 psia for various positions of the 
centerbody nose cone with respect to the rocket engine nozzle exit plane. 
The range of centerbody positions covered was from 0 to 6 in.   down- 
stream of the rocket engine nozzle exit plane in increments of 1 in.  or 
greater.    At each centerbody position tested where the diffuser was 
started,  the diffuser exit pressure was increased at a constant (100 psia) 
rocket engine driving pressure until breakdown.    The limiting center- 
body positions at which the diffuser would remain started were checked 
by varying the centerbody position with the rocket engine chamber pres- 
sure held at 100 psia and a low (0. 50 psia) diffuser exit pressure 
maintained. 

3.2  PHASE   II 

Tne ejector performance on test configurations 2a and b (Table II) 
was obtained at various values of secondary atmospheric inbleed air- 
flow in the following manner:   A set value of secondary inbleed flow was 
made by adjusting the inbleed valve (Fig.   5) while the ejector was operat- 
ing.    The ejector was operated at a constant driving pressure and the 
diffuser exit pressure,(Pex)lip,   was varied to determine optimum perform- 
ance for each value of secondary inbleed flow.    The ejector- was driven at 
pressures between 45 and 75 psia. 
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3.3   PHASE   III 

The procedure was the same for obtaining the diffuser performance 
during operation of the ejector,  the simulated rocket engine,  and with 
both the ejector and simulated rocket engine.    The diffus er-ejector exit 
pressure was varied for diffuser breakdown and start at various ejector 
and simulated rocket engine driving pressures.    When both ejector and 
simulated rocket engine were operating together (test configurations 2c 
through e and 3a and b) diffuser breakdown and start pressure ratios 
were obtained by varying exit pressure.    In most cases the ejector driv- 
ing pressure was maintained constant while the simulated rocket engine 
driving pressure was varied. 

3.4   PHASE   IV 

For the model rocket engine phase (test configurations 3c and 4), 
the ejector driving pressure was set at a predetermined level (optimum), 
and then firings were made at various diffuser exit pressures with the 
rocket engine chamber pressure throttled to various values.    The cham- 
ber pressure level was varied by the propellant tank pressures and the 
orifice sizes used,  as shown in Fig.   2,    The predetermined or optimum 
ejector driving pressure was selected such that the rocket engine diffuser 
exit pressure,   PSJ',  would be sufficiently low for the diffuser to be started 
at the throttled chamber pressure.    The optimum diffuser-ejector exit 
static pressure, (Pex\iP ,  was set at the maximum level which would per- 
mit the ejector to be started (minimum cell pressure obtained).    The 
rocket engine firings were made after sufficient time had elapsed for con- 
ditions in the test cell to stabilize. 

The conditions set during the rocket engine tests included an average 
O/F ratio of 1. 90 and flows necessary to give a combustion chamber 
pressure of 100 or 50 psia.    The average oxidizer flows for 100- and 
50-psia chamber pressures were 0. 210 and 0. 115 lbm/sec,   respectively. 
The average specific heat ratio of the exhaust gas was assumed to be 
approximately 1.28. 

Throttling was initiated after the rocket engine chamber pressure 
had stabilized (approximately 5 sec after ignition). 

SECTION   IV 
RESULTS AND DISCUSSION 

This investigation was a four-phase program consisting of (I) cold- 
flow centerbody-type ejector blockage study with air as the simulated 
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rocket engine driving fluid,  (II) centerbody-type ejector performance 
study with air,  (III) diffuser-ejector performance evaluation of the 
steam-driven centerbody-type and annular-type auxiliary ejectors with 
a simulated air-driven and steam-driven rocket engine,  and (IV) diffuser- 
ejector performance evaluation of the steam-driven centerbody-type and 
annular-type auxiliary ejectors with a model liquid-propellant rocket 
engine.    The results are shown in Figs.   11 through 25 and Table III. 

4.1   PHASE   I 

Since a centerbody-type ejector was under consideration,  three 
questions had to be answered concerning its use as an auxiliary ejector 
in tandem with a throttlable rocket engine.    The diffuser required had 
to be designed such that it (1) would start and operate at the highest exit 
pressure possible and (2) would require the least work for the ejector. 
This requirement demands the use of a second-throat-type diffuser as 
presented in Ref.   1,    To keep the overall length of the diffuser-ejector 
system as short as possible,  the second-throat contraction should be 
provided by the centerbody-type ejector.    A contraction area ratio equal 
to normal shock contraction,   Ast/Ad = l/(Ad/A*)r (Pty/Ptx), was selected. 
The normal shock contraction area ratio is a conservative value,   and it 
will allow the driving pressure ratio to be equal to the pressure ratio 
across a normal shock as shown in Refs.   1 and 2.    A centerbody-type 
ejector producing a reduction of this magnitude in area had not been 
used at RTF.    This raised three questions concerning the use of the 
centerbody-type ejector:   (1) Will it work?   (2) Is the nose cone angle of 
the centerbody critical?    (3) Does the spacing of the centerbody-type 
ejector in relation to the rocket engine nozzle exit affect the performance 
of the diffuser? 

Phase I of the test program was conducted in an attempt to answer 
the three questions.    The test configurations described in Table II and 
shown in Fig.  3 were used.    The centerbody nose cone angle and shape 
as well as position were varied for the various contraction area ratios. 
Contraction area ratios as low as 0. 510. and as high as 0.648 were in- 
vestigated with two diffuser sizes. 

The sizing of the hardware was initially based on the following 
equations: 

VMne
2-l/      ,, WH„»-J model \ V »'Tie ' /iuli   scale 
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(Asl/Ad)normal3hoct   =  (A8t/Ad), 

(Ad/A*)r   (Pty/P.x) 

The full-scale rocket engine and diffuser parameters,  and the model 
parameters,   calculated from the full-scale values by these three equa- 
tions,   are: 

Y, 0ne,d«g        (A„e/A')t        (Mne)r        (Ad/A*)r        (Md)r       (A5t/Ad)r 

Full Scale 1.28 10.14 49 4.92 75.93 5.33 0.583 

Model 1.40 10.14 16.28 4.92 32.39 5.33 0.643 
(Required) 

An existing conical nozzle to simulate the rocket engine and an existing 
diffuser were used; only the dummy centerbody-type ejector had to be 
fabricated.    The existing hardware did not exactly meet the required 
model parameters.    The following table is a comparison of the actual 
and required model parameters: 

#«« , deg        (Ane/A*)r        (lOr       (Ad/A*)r       (Md) 

Required 10.14 16.28 4.48 32.39 

Actual 9.00 10.51 3.98 29.05 

Results of testing the nine test configurations (Table II and Fig.   3) 
are summarized in Table III and Figs.   11 and 12.     Figure 11a 
presents the relation of   (Pc/Pt)r/(P/Pt)Ise0 with centerbody-type ejector 
position for normal shock contraction.    The ratio is a constant for the 
centerbody positions at which the diffuser is started even for the smaller 
contraction area ratios as shown in Table III.    Presented in Fig.   lib for 
normal shock contraction is the variation of the ratio of the driving pres- 
sure ratio to normal shock total pressure ratio (Pex/Ptr/Pty/Ptx) with 
centerbody-type ejector position for different centerbody nose cone angles 
and shapes.    This ratio is highest when the centerbody-type ejector is at 
the zero position except for test configuration lg.    No nonstart positions 
between 0 and 6 in.  existed for test configuration la,  which had a center- 
body nose cone angle of 15 deg.    For the same nose cone angle, the 
position at which the diffuser would start became more limited as the 
contraction area ratio decreased.    This is shown in Table III.    Figure 12 
gives the variation of  Pex/Ptr/Pty/Ptx with contraction ratio.    The smallest 
effective nose cone angle had the highest value of the ratio (Pex/Ptr/Pty/P«). 
This ratio increased as contraction ratio decreased,   as expected from 
Ref.   1. 
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Test configuration la had only one nose cone reflected shock off 
the duct wall which missed the exit of the centerbody.    All other test 
configurations had more than one nose cone reflected shock in the 
minimum area section. 

Test configuration lb was the same as la except that the diffuser 
size was smaller (3, 47-in. -diam),  resulting in a smaller contraction 
area ratio (0. 527).    Test configuration lc was the same as la except 
that the centerbody diameter was increased from 2.39 to 2. 82 in.  to 
give approximately the same contraction area ratio (0.510) that existed 
for test configuration lb.    The performance of test configurations lb and 
c was essentially the same,   as shown in Table III. 

The position of the centerbody-type contracted diffuser is limited 
especially with near-critical contraction area ratio.    This limiting 
positioning is a characteristic phenomenon observed with second-throat - 
type diffusers and is reported in Refs.   3 and 4.    Test configurations Id,  e, 
and f were the same except that the contraction area ratio was changed by 
changing the centerbody diameter from 2. 82 to 2. 61 to 2, 40 in. ,  respec- 
tively.    As shown in Table III for these three configurations,  the smaller 
the contraction area ratio,  the more limited was the centerbody position 
for diffuser starting.    Test configurations la,  g,  h,   and i had essentially 
the same contraction area ratio (0. 643) but were different only in center- 
body nose cone angle.    The greater the centerbody nose cone angle be- 
came, the more limited was the centerbody position for diffuser starting. 

4.2   PHASE   II 

A Y = 1. 40 normal shock contraction area ratio diffuser produced 
by a centerbody-type ejector (test configuration la) proved to perform 
satisfactorily in Phase I for a 15-deg centerbody-type ejector nose cone. 
An existing 15-deg nose cone centerbody-type ejector as shown in Fig. 4 
was used to build up test configurations 2a and b (Fig.   5).    The inlet duct 
was sized from the centerbody diameter to give near-normal shock con- 
traction area ratio (0. 643 for y * 1. 40).    The actual contraction area ratio 
obtained was 0. 633.    The centerbody-type ejector diffuser duct was sized 
from an area ratio (Ad/A*)p   = 40. 95 for  A*c = 0. 1963 in. 2 based on the 
equation 

(A,i/'A*),        ,„.   -  (Ad/A*)     . ..       .    =  40.95 e h  mfioel J e ,   full  bcale 

The actual (Acj/A*)e   obtained was 44.43.    Two diffuser-ejector lengths 
were used to make test configurations 2a [(L/I))r = 2.6 J and 2b 
[(L/D), = 8.0 ] (see Fig.   5 and Table II). 
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This phase of the investigation was to determine the performance 
for the steam-driven centerbody-type ejector with two diffuser lengths 
with various amounts of air as secondary mass flow.    Presented in 
Fig.   13a is the effect of diffuser (L/D)e on the limiting driving pressure 
ratios,  (Pex)juP /Pte,  for various secondary-to-primary mass flow 
ratios, ms/mp..   For an {L/D)e = 8,  the limiting (Pex)hp/Pte is practically 
a constant for the various values of ms/mp.    The limiting  (Pex)^  /Pte 
decreases directly proportional with an increase in ms/mp for the 
(L/D)e = 2.6 configuration. 

The variations of Pc/Pte and (Pex)|ip/PC with.mp/mpfor test configura- 
tions 2a and b are shown in Figs.   13b and c.    The (L/D)e change from 
2. 6 to 8 had no effect on the ratio of test cell-to-ejector driving pres- 
sure,  but did affect the rise ratio, (Pex)|ip /Pc.    The increase in Pc/Pte 
with ms/mpis linear above an ms/mpof 0.07. 

The equivalent mass ratio of ms/mp= 0.0982 which was required by 
the model (test configuration 2a) to simulate the mass ratio {ms/mp - 0.028) 
for full scale was obtained from the equation 

where 

full seile P  ful1 scalc 

K = [{R7R")(y'7y')(T,7Tt")]'/j 

The difference in static conditions of the secondary fluid (air for model 
and exhaust products for full scale) required a difference in mass ratio 
for similarity in performance to exist between the model and full-scale 
centerbody ejector. 

The Pc/Pie versus (Pex)lip /Pte performance for the (L/D)e = 2. 6 and 
8. 0 test configurations 2a and b with no secondary mass flow is shown 
in Fig.   14 along with the isentropic pressure ratio and the normal shock 
downstream static-to-upstream total pressure ratio.    The actual Pc/Pie 
obtained divided by the isentropic ratio was 

[(Pc/Pte)acJ/[(P/Pt)I8eJ  - 1.52 
The limiting driving pressure ratio,  (Pex)lip/Pte > divided by the static- 
to-total normal shock pressure ratio was [(Pex)Jip / Pte] /Py/Ptx) = 0.887. 
There was no difference in Pc/Pie or (Pex)iip/Pte performance at start 
or breakdown for (L/D)e = 2. 6 and 8. 0 when the ejector was pumping 
no secondary flow.    This is also shown in Figs.   13a and b.    A difference 
in (Pex)]ip /Pte at start and breakdown for the (L/D)e = 2.6 was expected. 

10 
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4.3  PHASE   III 

The diffuser-ejector performance evaluation of the steam-driven 
ejector for an air-driven and steam-driven simulated rocket engine was 
obtained for centerbody- and annular-type auxiliary ejector configura- 
tions.    Both types were investigated with and without an ejector second 
throat. 

4.3.1   Centerbody-Type Ejector Test Configurations 2c through e 

A simulated rocket engine nozzle without the atmospheric inbleed 
system was used in test configuration 2a to give test configuration 2c. 
Two second-throat inserts were added to configuration 2c to make 
configurations 2d and e (Fig. 6). The resulting test configurations 2d 
and e had ejector contraction area ratios of 0. 535 and 0. 63 7, respec- 
tively,  and (Ast)e/(Ast)r ratios of 1. 12 and 1.34,  respectively. 

The simulated rocket engine nozzle (an existing nozzle) was 
selected based on the equations; 

y(Mn.y    \ /   y(Mne)r
2 

V(M„.V   ~   l/mode. VV'(Mne)'2   -   Vlull.c.l. 

^"e\, model   "   (Öne)r> Jul] gCa]e 

and 

(Mdr)      ,   ,    =   (Mdr),  1. , ui 'model %     ul 'lull  scale 

The existing nozzle (Fig.   lb) did not exactly meet the required model 
parameters as calculated from the above equations.    The following 
table is a comparison of the actual and required model rocket engine 
parameters. 

W—),,«!.,        (An8/A*)r        (Mne)r        (Aj/A*)r       (Mj)f yr 

Required 10.14 16.28 4.92 32.39 5.33        1.40 

Actual 13.25 11.77 4.11 32.11 5.32        1.40 

The individual performance of the centerbody-type ejector is presented 
in Fig.   14 for test configurations 2c,   d,  and e for no secondary mass 
flow with the isentropic pressure ratio and the downstream static-to- 
upstream total normal shock pressure ratio.    The second throats in the 
ejector extended the limiting driving pressure ratio from 0. 887 to 
1. 03 times the normal shock ratio (Py/PLx). The difference shown in 
Fig.   14 for Pc/Pte with and without the ejector second throat occurred 
because the transition section of the second-throat insert was too close 
to the ejector nozzle exit. 

11 
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The simulated rocket engine diffuser for test configuration 2d would 
not start with the ejector operating above approximately 10 psia.    This 
configuration had a contraction area ratio of (Ast/Ad)e - 0. 53 5 and a ratio 
of (Ast)e /(Ast), = 1.12.   Results similar to this were experienced in the 
test reported in Ref.   2.    When the contraction area ratio was increased 
from 0. 535 to 0. 637 (test configuration 2e),  giving the ratio of (Ast)e /(Ast),= 
1.34, the simulated rocket engine diffuser would start and operate with an 
ejector driving pressure of 50 psia as long as the simulated rocket engine 
chamber pressure was above 20 psia.    The rocket engine diffuser would 
remain started with a chamber pressure of approximately 10 psia when 
the ejector driving pressure was reduced to approximately 22 psia.    This 
result indicates that the ejector second-throat area cannot be as small as 
the rocket engine diffuser second-throat area while the rocket engine 
second-throat contraction area ratio is no larger than the normal shock 
contraction area ratio. 

The limiting simulated rocket engine diffuser exit pressure,   PSJ , 
was determined for various values of air-driven rocket engine chamber 
pressure,   Ptr,  and different steam-driven ejector driving pressures, 
Pte .  This relationship is presented in Fig.   15a.    The data are shown 
in-relation to the normal shock static pressure,  (Py)r .   The limiting 
Psi   data are approximately equal to the normal shock value,  (Py)r, for 
simulated rocket engine chamber pressures up to 40 psia.    For chamber 
pressure above 40 psia,  the limiting   PS2   was approximately 0. 90 times 
the normal shock value.    The data shown in Fig.   15a are for test config- 
urations 2c (no ejector-second throat) and 2e, (Ast/Ad)e = 0. 63 7.    At 
Pte   = 50 psia,  Psj  was unstable below a chamber pressure of 20 psia 
because the ejector nozzle lip static pressure was higher than the required 
PSJ   to keep the diffuser started.    The auxiliary ejector requires a condi- 
tion of static pressure equilibrium in the secondary and primary streams 
according to Ref.  5.    To obtain static pressure equilibrium requires the 
limiting  Ps2  to equal the ejector nozzle lip static pressure.    This explains 
why the unstable condition shown in Fig.   15a is eliminated when the ejector 
driving pressure is reduced from 50 psia.    The reduction in ejector driving 
pressure reduces the ejector nozzle lip static pressure proportionally. 
The limiting PS3    (Ps*  at breakdown) was determined with only the simu- 
lated rocket engine operating and with both the ejector and simulated rocket 
engine operating as shown in Fig.   15a. 

Presented in Fig. 15b is the limiting diffuser-ejector exit static pres- 
sure variation with air-driven simulated rocket engine chamber pressure 
and various values of ejector driving pressure.    When only the simulated 
rocket engine was operating with test configuration 2c, the limiting diffuser- 
ejector exit static pressure was approximately 9 percent higher than the 
corresponding normal shock value as shown in Fig.  15b.    The perform- 
ance of test configuration 2c,  which was tested with both simulated rocket 
engine and ejector operating,  is also shown in Fig.  15b.   An improvement 
in limiting diffuser-ejector exit static pressure over that obtained by not 

12 
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having the ejector operating was experienced with the ejector operating. 
References 2 and 6 show similar results.    The higher ejector driving 
pressure gives the higher limiting (Pex)lip but also limits the minimum 
simulated rocket engine chamber pressure to a higher value.    From 
Fig.   13a,  the limiting  (Pex)lip /Pte decreased as the secondary-to- 
primary mass ratio increased for mB/mpup to approximately 0. 15.    At 
a Pu of 5 psia in Fig.   15b, ms/mpis equal to 0. 162,  which would corre- 
spond to limiting (Pex)hp = 0. 93 psia from Fig.   13a for Pte = 50 psia. 
This limiting (Pex)i,   = 0. 93 psia is in good agreement with that shown 
in Fig.   15b for Ptr   = 5 psia. 

Test configuration 2e,  which consisted of an ejector second-throat 
insert having (Ast/Ad)0 = 0. 637 or  (A&t)e / (Ast)r = 1. 34,   was tested at 
almost the same conditions as test configuration 2c.    The performance 
is shown in Fig.   15b to be no different from that obtained for test con- 
figuration 2c,    The limiting (Pex)i,p was expected to be higher for the 
second-throat configuration 2e than it was for the no-second-throat 
configuration 2c; however,  this did not occur.    It is believed that the 
cooling of the two-phase steam (ejector driving fluid) by the cold sec- 
ondary air (simulated rocket engine driving fluid) caused a large decrease 
in specific volume of the mixture.    No appreciable difference was noted 
in diffuser-ejector start and breakdown especially at low Pt, values (less 
than 30 psia). 

Presented in Fig.   15c is the relationship of simulated rocket engine 
nozzle lip static pressure,   (Pne)r>  and test cell pressure,   {PC)H   with 
simulated rocket engine chamber pressure.    The ejector was driven at 
50 psia,   and the diffuser-ejector exit static pressure was held equal to 
or below its limiting value as shown in Fig.   15b.    Also shown in Fig. 15c 
is the corresponding isentropic relationship.    The actual simulated rocket 
engine nozzle lip static pressure is approximately 1.19 times the isen- 
tropic value.    The cell pressure curve crosses the corresponding isen- 
tropic line because of a Reynolds number influence as presented in 
Refs.   7 and 8.    The limiting minimum simulated rocket engine chamber 
pressure for a Ptc   = 50 psia was approximately 20 psia. 

A check was made on test configuration 2e by substituting steam in 
place of air for the simulated rocket engine driving fluid to eliminate 
the temperature difference.    This performance is shown in Fig.   16. 
Presented in Fig.   16a is the variation of the limiting diffuser exit static 
pressure, Ps*.  with various values of simulated rocket engine chamber 
pressure for two ejector driving pressures.    The data are higher than the 
normal shock value as shown in Fig.   16a because of a possible error in 
the data.    It was very difficult to obtain these data because the PSJ pres- 
sure line continually filled with water,  giving a higher than actual pressure. 

An increase of approximately 1 psia in the limiting diffuser-ejector 
exit static pressure was obtained for the steam-driven rocket engine over 

13 
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that obtained for the air-driven rocket engine with Pte = 50 psia (Fig. 16b). 
The performance was obtained on only the second-throat test configura- 
tion 2e with a steam-driven rocket engine. 

This phase of the investigation indicates that static pressure equi- 
librium in the secondary and, primary stream must exist for stable opera- 
tion.    The limiting minimum rocket engine chamber pressure depends 
on the ejector nozzle area ratio and driving pressure as well as the 
rocket engine diffuser area ratio and contraction ratio. 

By'knowing the relationship of the diffuser exit pressure,  PS1,  to 
the normal shock static pressure and the relationship of the ejector noz- 
zle lip exit static pressure to its isentropic value,  the minimum rocket 
engine chamber pressure for a given ejector driving pressure can be 
determined from the static pressure equilibrium principle 

[■(P«e)e  -  Ps,] 

Figure 17 presents these relationships for test configurations 2c and e. 
The lip exit static pressure for the 13-deg half-angle simulated rocket 
engine (nozzle configuration B) was 1.19 times the isentropic value 
(shown in Fig.   15c); therefore, it is reasonable to assume that the 
centerbody-type ejector,  which has a nozzle half-angle of 10 deg,  would 
have a lip exit static pressure of approximately 1. 15 times the isen- 
tropic value as indicated in Fig.   17 for y = 1. 30.    The,PSs value was 
almost equal to the normal shock static pressure in the range of iPtr = 0 
to 40 psia as shown in Fig.   15a forvyr  = 1. 40; therefore,  the normal 
shock static pressure is shown equal to^PSJ in Fig.   17.    For an ejector 
driving pressure of 50 psia,  the minimum simulated rocket engine cham- 
ber pressure is shown in Fig.   17 to be 19 psia to satisfy the static pres- 
sure equilibrium principle.    This is in agreement with the data shown 
in Fig.   15a where the rocket engine diffuser exit pressure becomes 
unstable.    This is true even if the diffuser-ejector exit static pressure, 
(Pex)iip ,  is below the limiting value shown in Fig.   15b for the air-driven 
rocket engine and Fig.   16b for the steam-driven rocket engine. 

4.3.2 Annular-Type Ejector J-3 Model Test Configurations 3a through c 

The diffuser and auxiliary annular-type ejector were designed for 
the existing model rocket engine,  shown in Fig.   Id, to simulate the 
J-3 test engine.    The test requirements included throttling to 10 percent 
of full power without losing altitude simulation with a diffuser-ejector 
exit pressure from 1.5 to 2.0 psia at full engine power.    Since the 
model engine used the same propellant as the full-scale engine,  the 
scaling was direct. 

14 
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The ejector nozzle was designed for static pressure equilibrium 
according to Ref. 5. A steam-driven simulated rocket engine nozzle 
was selected based on the equations 

>'Mne'      A /        yMne 

V'Mn«a - 1 7    . VV Mne1 - 1 T " »^ /     q     Rum \    * HE 

rocket rocket 

rocket rocket 

and <M«»>,te.»   - (M^h,e 
rocket rocket 

The existing nozzle selected {configuration C,  Fig.   lc) did not fully 
satisfy the equations.    A comparison of the required with the actual is: 

(WIldl,        (A„/A*)r       (Mne)r       (Ad/A*)r        (Md)r yT 

Required 9.75 32.54 4.65 63.80 5.33 1.30 

Actual 18 18.57 4.14 61.89 5.30 1.30 

The test configurations 3a and b are shown in Fig.   8.    The individual 
ejector performance is shown in Fig.   18.    The actual Pc/Pte and 
[Pex)|ip /Pte  divided by isentropic and normal shock values from Ref. 9 
are 

Ejector Configuration Pc/Pte/{P/P,)i3s!n 

(Pex)ilp/ Pte 

Py/Ptx 
11 

11 a 

1.74 

1.74 

0.62 

0.94 

The Pc/Pte/(P/Pt)i9en for the centerbody-type ejector configuration was 
1. 52 as given in Phase II.    Steam-driven axisymmetrical 18-deg nozzles 
(Ref.   10) pumped the following values: 

Pc/Ptc Ane/A*        Ad/A" 
(P/Pt), 

18 38.60 1.35 

10.8 39.82 1.76 

The annular-type ejector performance is in good agreement with this 
performance.    The breakdown performance is in good agreement with 
that reported in Ref.  3. 

The diffuser second-throat limiting exit static pressure, PSJ ,   and 
the limiting pressure to which the flow from the rocket engine diffuser 
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discharged,   Psia),   are presented in Fig.   19a for test configurations 3a 
and b.    With only the rocket engine operating, the limiting -PS2   and Ps*a 
with and without the ejector second throat (test configurations 3a and b) 
are approximately equal to the downstream normal shock static pres- 
sure»    The limiting value ofPsj^when the ejector was driven at 
Pie\= 50 psia for test configuration 3a was lower than the normal shock 
value.    For test configuration 3b, the limiting value of PSl was still 
lower and unstable above Ptr = 30 psia.    It is believed that the P92 pres- 
sure tap was located in a separated flow region when the ejector was 
operating,  thus giving a lower value.    The separated flow region is 
influenced by the addition of the ejector second-throat insert for test 
configuration 3b,  further lowering P91 as shown in Fig.   19a.    The mini- 
mum value of the limiting PS2 obtained with the ejector driven at 
Pier 50 psia was 0. 14 psia and was constant for rocket chamber pres- 
sures below Ptr = 10 psia.    This value of PSl was lower than the ejector 
nozzle lip static pressure,  which indicates that the ejector flow was 
expanding beyond the nozzle exit and reaching static pressure equilib- 
rium at an area smaller than the rocket engine diffuser second-throat 
area.    The smaller area could cause a separated region near the end 
of the second throat.    The unstable conditions experienced with the 
centerbody-type ejector test configurations 2c and e (Fig.   15a) were not 
evident with test configurations 3a and b when the rocket engine cham- 
ber pressure was reduced to zero. 

A comparison of the diffuser-eject or limiting exit static pressure, 
(Pex)lip,  for test configurations 3a and b is presented in Fig.   19b.    The 
limiting (Pex)Up when only the rocket engine was operating is approxi- 
mately 1. 26 times the normal shock value.    The limiting (Pex)Up was 
approximately doubled when the ejector was operating at Pte = 50 psia 
for test configuration 3a.    An additional increase of approximately 
50 percent in the limiting  (Pex),ip was obtained by adding the ejector 
second-throat insert for test configuration 3b.    The insert gave the 
ratio of (Ast)e./(Ast}r  = 1.77.    The limiting <.Pex)lip is practically a con- 
stant for rocket chamber pressures from 0 to 15 psia.    For test con- 
figuration 3b, this constant value is the same as that obtained when 
only the ejector is operating.    This characteristic was not the case 
with the centerbody-type configuration as shown in Figs.   15b and 16b. 

The relationship of the test cell pressure and rocket engine nozzle 
lip static pressure for stepwise steady-state chamber pressure decrease 
to zero is presented in Fig.   19c.    The relationship is typical for an 
ejector driving pressure of Pte= 50 psia and  (Pex)np equal to or less than 
the limiting value shown in Fig.   19b.    Similar relation is shown in Ref. 2. 
Note in Fig.   19c that,  when Pc becomes equal to (Pne)rJ  a further decrease 
in chamber pressure causes nozzle flow separation to occur and then cell 
pressure starts to increase.   The (Pne)r data are 1. 125 times the isen- 
tropic value. 
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The Reynolds number effect discussed in Refs.   7 and 8 influences 
the test cell pressure for the low chamber pressures.    The effect is 
increased by the jet boundary impingement region on the diffuser if 
the second throat is not properly located as discussed in Ref.   3.    At 
a chamber pressure of 26. 04 psia,  the jet boundary calculated by the 
method given in Ref.   11 impinges on the second-throat transition near 
the intersection with the diffuser as shown in Fig.   19d.    The jet 
boundary for a chamber pressure of Ptr = 79. 68 psia impinges on the 
diffuser upstream of the beginning of the second-throat transition. 

The equivalent mass ratio of ms/mp= 0.059 for test configurations 
3a and b was required to simulate the full-scale value of 0. 028 for a 
full-scale rocket engine chamber pressure of 11 psia and ejector mass 
flow rate of 125 lbm/sec.    This mass flow ratio of mB/mp= 0. 059 was 
obtained when the annular ejector was driven at 50 psia and the simu- 
lated rocket engine chamber pressure was 7.45 psia. 

The results of this phase of the investigation indicate that the model 
rocket engine {Fig.   Id) can be throttled to 10-percent power with the 
auxiliary annular-type ejector (Fig.   7) in the J-3 model test configura- 
tion 3b (Fig.   8).    From Figs.   19b and c,  the diffuser-ejector exit static 
pressure can be as high as 1. 64 psia for an ejector driving pressure of 
50 psia. 

The diffuser-ejector exit static pressure was checked by a force 
balance calculation for test configurations 3a and b (see Appendix I). 
The predicted limiting (Pe,,^    pressure from the force balance analysis 
was in good agreement with the measured value for test configuration 3 a, 
but the predicted value was low for test configuration 3b. 

4.4   PHASE   IV 

This phase concluded the investigation with the model rocket engine 
used both with the auxiliary annular-type ejector from Phase III and an 
auxiliary centerbody-type ejector having equal geometric parameters to 
the annular-type ejector.    The performance evaluation included pressure 
distribution in the J-3 model ducting from the diffuser-ejector exit to the 
simulated J-l exhaust header into which the J-3 model discharged. 

4.4.1   Annular-Type Ejector Test Configuration 3c 

The test configuration (3c,   Fig.   8) was the same as  3b except for 
the rocket engine.    The rocket engine configuration D (Table 1 and Fig. Id) 
was used. 
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Engine throttling simulation was accomplished by an orificed bypass 
line and valving arrangement as shown in Fig.  2.    The orifices were 
sized for the propellant flow rates from a constant pressure supply to 
give the desired chamber pressure when the main flow was cut off.    The 
performance was obtained with two sets of orifices,  which allowed 
throttling from 95 to 20 psia and from 48 to 12 psia. 

The end points of the transient throttling demonstration for test con- 
figuration 3c are presented in Fig.   20a.    The isentropic values of test 
cell and rocket engine nozzle lip static pressures are shown for compari- 
son with the actual data.    The rocket engine had a contoured nozzle with 
an area ratio of 40 as shown in Fig.   Id.    The engine nozzle lip static 
pressure was 2.07 times the isentropic value corresponding to the area 
ratio of 40 as shown in Fig.   20a.    The cell pressure was 0. 52 times the 
corresponding isentropic value when the nozzle was properly located with 
respect to the beginning of the diffuser second throat.    For the case shown 
in Fig.   20a with the nozzle 1, 194 in.  farther downstream,  the cell pressure 
was approximately two times the isentropic value.    The jet boundary im- 
pingement on the diffuser for the two positions is shown in Fig.  20c. 

Shown in Fig.  20a are the data that represent the maximum ejector 
driving pressure for the cell pressure to be a minimum and the diffuser- 
ejector exit static pressure to be at or near the limiting value.    The 
limits were established by maintaining low (Pex)lip for different throttling 
runs at various ejector driving pressures.    The maximum Ple was defined 
as the value above which the minimum possible cell pressure correspond- 
ing to the throttled chamber pressure could not be maintained.    For this 
maximum Pie, various throttling runs were made at different diffuser - 
ejector exit static pressures.    The limiting   (Pex)1]p was determined when 
a higher value would cause test cell pressure to increase at the throttled 
chamber pressure.    These performance data are in good agreement with 
the cold-flow data for test configuration 3b in Phase III (Figs.   19a and b) 
except that the ejector driving pressure had to be approximately 15 per- 
cent lower. 

Presented in Figs.  21,  22,  and 23 are the J-3 model duct pressure 
distributed from the diffuser-ejector exit static pressure to the exhaust 
header.    The magnitude of the pressures is shown in Fig.  21 for pre- 
fire (ejector operating alone),  firing at P(r s 48 psia,  and at throttled 
Ptr =12 psia.    The ejector driving pressure was approximately 4 5 psia. 
The survey was made for three exhaust header pressures from 
<Pi)ex|= 0. 55 to 2.0 psia as shown in Figs.  21a through c.    At the low 
exhaust pressure level, there is a rather large difference between pre- 
fire and PtT - 48 psia.    The difference decreases as the exhaust pressure 
increases.    Figure 21e shows the condition for maximum Pteand (Pex)j, 
for minimum  Pc when Ptr = 13. 04 psia after throttling from Pu = 48. 93 psia. 
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Figure 22 is a similar set of curves but for a rocket driving pres- 
sure of Ptrs   93 psia and throttling to P,r = 20 psia.    The ejector driving 
pressure was maintained at approximately 42 psia.    Note that a greater 
difference exists between pre-fire and maximum Ptr for these conditions 
than for those presented in Fig.   21.    The duct appears to be choked for 
the conditions shown in Figs.  22a and b for maximum Ptr since the in- 
crease in (Ft),, did not alter the pressures upstream. 

Presented in Fig.  23 is a set of curves for the same throttling 
conditions as those in Fig.   22 except the ejector driving pressure was 
increased to Pte = 58. 44 psia.    Figure 23b is for the condition shown 
in Fig.  20a. 

A typical rocket engine chamber pressure transient for the two 
throttling conditions is shown in Fig.  24. 

4.4.2   Centerbody-Type Ejector Test Configuration 4 

Test configuration 4 was the same as 3c except that the annular- 
type ejector was replaced by the centerbody-type configuration.    Test 
configuration 4 is shown in Fig.   10.    All geometric parameters for the 
centerbody-type ejector associated with performance were equal to the 
corresponding parameters for the annular-type ejector. 

The performance investigation was similar to that for the annular- 
type ejector test configuration.    Throttling was attempted for Ptr = 95 to 
10 psia,   95 to 20 psia,  and 48 to 12 psia (Fig.  20b).    The diffuser would 
start and pump the minimum cell pressure at the Ptr = 95-psia condition 
for an ejector driving pressure as high as 50. 25 psia.    When throttling 
was accomplished,  the test cell pressure increased even when the 
diffuser-eject or exit static pressure was as low as 0. 91 psia.    The 
ejector driving pressure was as low as 40. 23 psia,  which is lower than 
the values for test configuration 4.    The diffuser would not start at 
Ptr = 48. 11 psia, pie = 44. 27 psia,  and (PBx)lip = 0. 78 psia for the 
centerbody-type configuration,  but it would start at Ptr = 48. 93 psia, 
Pte = 46. 58 psia,  and (Pex)Hp = 1.46 psia for the annular-type configura- 
tion.    When the rocket engine nozzle exit plane was moved 1. 194 in. 
farther upstream,  no improvement in performance was experienced. 

Tne individual centerbody-type ejector performance is presented in 
Fig.   18.    The Pc/Pte was 0. 97 times the isentropic value.    This is much 
better than the no-secondary-flow performance obtained with the annular- 
type ejector configuration.    The (Pe>t)H   /pte was 1.07 times the normal 
shock value,  Py/Ptx .    This is also an improvement over the value obtained 
for the annular-type ejector. 
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The main difference between this centerbody-type ejector (Fig.   9) 
and the one used in Phase III with test configuration 2e (Fig.  4) was that 
the nozzle area ratio and the nose cone half-angle (20 deg instead of 
15 deg) was larger.    The larger nozzle area ratio was used to give a 
lower nozzle exit static pressure for the same driving pressure.    From 
the static pressure equilibrium principle,  the lower ,(Pne)0 would allow 
the diffuser exit static pressure, PSJ ,  to be lower, therefore allowing 
chamber pressure after throttling to be lower.    A 20-deg instead of a 
15-deg nose cone Was used to conserve the length of the centerbody 
since the full-scale diffuser-ejector length was limited.    The location 
of the ejector 20-deg half-angle nose cone with respect to the rocket 
engine nozzle exit plane was such that (L/D)   = 0.41.    According to the 
results of Phase I (Fig.   Ha),  no diffuser starting problem should exist 
for a spacing such that, (L/D)p = 0. 56 for a 22-deg half-angle nose cone. 

A comparison of the performance with test configurations 3c and 4 
indicates that the annular-type ejector in test configuration 3c was best. 
Rocket engine throttling to 10 percent of full power capability was 
demonstrated with the annular-type ejector. 

For the annular-type ejector with a second throat,  the performance 
can be predicted using both a steam-driven rocket engine and the model 
rocket engine by a nomograph,  as shown in Fig.  25.    The diffuser second- 
throat exit static pressure is equal to from 0. 90 to 1. 0 times the down- 
stream normal shock static pressure for a second-throat contraction area 
ratio equal to normal shock contraction based on (Ad/A* >r.    This is shown 
in Figs.   15a,   16a,  and 19a.    To have optimum ejector performance, 
satisfying primary and secondary flow static pressure equilibrium requires 
the ejector nozzle lip exit static pressure to equal the diffuser second- 
throat exit static pressure [(fV),.  - PSJJ.  This can be determined by know- 
ing the geometry of the ejector nozzle,  especially the area ratio (Ane/A*) t 
and the relationship of the actual to the isentropic value of the lip static 
pressure.    The actual Pne for a conical nozzle will be approximately 10 to 
15 percent higher than the isentropic value based on nozzle area ratio 
(Figs.   15c and 19c).    The performance for test configurations 3a,  b,  and 
c indicates that, for a range of rocket engine chamber pressure from 0 to 
15 psia, the diffuser-ejector limiting exit static pressure is a constant 
and approximately equal to the limiting value when only the ejector is 
operating as shown in Fig.   19b.    The value of the diffuser-ejector limiting 
exit static pressure is determined by the ejector area ratio, length-to- 
diameter ratio,  and the contraction area ratio.    The effect of contraction 
ratio is shown in Figs.   14 and 18,   and the (L/D)e effect is shown in Fig. 13a. 
This limiting exit static pressure for test configurations 3a and b is found 
by: 
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Test Configuration U.t/Ad), 
(P«)llp/Pt. 

(Py/Ptx)e 

3a 

31, 

1.00 

0.62 

0.62 

0.94 

This information,  properly arranged,  gives the nomograph shown in 
Fig.  25.    Enter the nomograph at the desired throttled rocket engine 
chamber pressure and proceed to the proper diffuser second-throat exit 
pressure; thence vertically along the constant pressure line to the line 
representing the proper ejector nozzle lip exit static pressure; thence, 
move along a horizontal line crossing the Pte = Ptr scale to (Py)e scale 
and intersecting the diffuser-ejector exit static pressure line which 
determines (Pex)lipi    The data from test configurations 3a,  b,  and c 
presented in Figs.   19b and 20a are in good agreement with this 
nomograph. 

A force balance analysis was made for test configuration 3c to deter- 
mine the diffuser-ejector exit static pressure.    The method is presented 
in Appendix I.    The predicted value was higher than the measured value. 
This difference could be caused by data inaccuracies,  the method of 
calculation of the ejector ramp pressure,  the correction factor applied 
to the theoretical exit static pressure to get the predicted value,   and 
the omission of wall friction forces. 

SECTION  V 

SUMMARY OF RESULTS 

The investigation consisted of four phases:    (I) cold-flow centerbody 
type ejector blockage study,  (II) centerbody-type ejector performance 
study,   (III) diffuser-ejector performance evaluation of the centerbody- 
and annular-type ejectors with a simulated rocket engine,  and 
(IV) diffuser-ejector performance evaluation of the centerbody- and 
annular-type ejectors with a model liquid-propellant rocket engine. 
The results of the investigation are summarized as follows: 

1.     A centerbody-type ejector sufficiently large to give a 
normal shock contraction area ratio diffuser configura- 
tion based on the ratio of rocket engine diffuser-to-nozzle 
throat areas can be used without affecting cell pressure 
with certain limitations.    The nose cone half-angle must be 
sufficiently small and the spacing of the centerbody-type 
ejector must be as near as possible to the rocket engine 
nozzle exit plane.    The small nose cone angle allows 
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the spacing of the centerbody-type ejector with respect 
to the rocket engine nozzle exit plane to be less critical. 
A smaller diffuser contraction area ratio allows an in- 
crease in limiting driving pressure ratio but makes the 
spacing of the ejector nose cone more critical. 

2. A short diffuser (_(L/D}e = 2.6jfor a centerbody-type 
ejector allows the limiting driving pressure ratio to 
decrease for an increase up to 0. 15 in secondary-to- 
primary mass flow ratio.    The limiting driving pres- 
sure ratio increases only slightly (practically a constant) 
for a long diffuser [{L/D)e  = 8.00 J for an increase of 0. 15 
in secondary-to-primary mass flow ratio.    The rise 
ratio is lower for the short (L/D)   mixing duct at the same 
secondary-to-primary mass flow ratio than for the long 
(L/D)e one. 

3. A second-throat having a normal shock contraction area 
based on (Ad/A* )e inserted in the diffuser-eject or permits 
the limiting driving pressure ratio to be increased to 
approximately the normal shock value, Py/Ptx .    No effect 
was noted on the cell-to-driving pressure ratio during 
operation without secondary mass flow. 

4. The rocket engine second-throat limiting diffuser exit 
static pressure is approximately equal to the downstream 
normal shock static pressure based on the (Aj/A*)r at start 
and breakdown for either a centerbody-type or an annular- 
type diffuser-ejector. 

5. During rocket engine operation,  the limiting annular- or 
centerbody-type ejector exit static pressure was increased 
proportionally to driving pressure when the ejector was 
operating.    The ejector second throat |_i(A5l)e/(Ast)r = 1-34-J 
for a rocket engine diffuser having a normal shock contrac- 
tion will allow an additional increase in diffuser-ejector 
limiting exit static pressure.    The exception to this was 
when the rocket engine was operated on air instead of steam 
or propellant.    Operating with air did not cause an increase 
in the limiting exit static pressure because of the air cooling 
the ejector driving fluid (steam). 

6. The limiting exit static pressure remained essentially con- 
stant at the limiting value obtained with only the annular- 
type ejector operating up to a rocket engine chamber pres- 
sure of 15 psia with or without the ejector second throat. 

22 



AEDC-TR-65-255 

7. The optimum performance of the annular- or centerbody- 
type ejector was obtained when the ejector nozzle lip 
static pressure was equal to the diffuser second-throat 
exit static pressure for the throttled rocket engine cham- 
ber pressure. 

8. If the diffuser second throat is too close to the rocket 
engine nozzle,  such that the jet boundary impinges on the 
second-throat transition near the intersection with the 
cylindrical diffuser impingement duct,  a much higher 
cell pressure will result. 

9. A successful throttling demonstration from full power to 
approximately 10 percent power was made with the rocket 
engine and the auxiliary annular-type ejector configuration. 
This could not be demonstrated when the annular-type 
ejector was replaced by a centerbody-type ejector having 
equal geometric parameters. 

10.      The pressure distribution in the J-3 model exhaust ducting 
during rocket engine and ejector operation varied from 
approximately 1.40 psia at the diffus er-ejector exit to a 
peak of approximately 2. 4 psia at the 55-deg miter turn 
and back to 2. 0 psia in the exhaust header. 
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APPENDIX   I 
FORCE BALANCE ANALYSIS FOR TEST CONFIGURATIONS 3a, b, and c 

The general theory based on momentum analysis given in Refs.   5, 
12,   13, and 14 can be used in a force balance for the annular-type 
ejector in test configurations 3a,  b,  and c to predict the diffuser- 
ejector limiting exit static pressure.    The limiting pressure can be pre- 
dicted within a few percent for the steam-driven rocket engine and steam- 
driven annular-type ejector with and without the ejector second throat and 
for the   N2O4 and AZ-50 liquid-propellant rocket engine and steam- 
driven annular-type ejector with the second throat.    The conditions at 
which the calculations were made are (1) minimum chamber pressure to 
which throttling was accomplished and (2) limiting diffuser-ejector exit 
static pressure. 

The methods and equations used in the force balance analysis are 
as follows: 

F" =  P"(Aal)r  (1  + yr  M"2) (1-1) 

where 

P" = P S3 

as shown in Fig.  1-1.   A conservative value of PS2   for a rocket engine 
diffuser having a normal shock second-throat contraction area ratio is 
(Refs.   1 and 2 and Fig.   19a) approximately equal to the downstream 
normal shock static pressure.    The value used was 

Psa = 0.90 Py 

Then from Ref.   9 and the chamber pressure to which throttling was made, 

Py  *= [f (Ad/A*,   y)r] Ptr 

The Mach number,   M",  was calculated from the continuity equation of the 
form given in Ref.   13 

M" = 

where 

mr   =    5— 
v"Tt, 

By applying the ejector secondary and primary static pressure equilibrium 
principle from Refs.   5 and 13,  then 

P" = p' 
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From P' and the annular-type ejector driving pressure,   Pte , the ratio 
pyp,e   is calculated . 

From Ref.   9 and the annular-type ejector nozzle throat area,   Ae*, 
the following are obtained: 

A' = [f (PyPi.y)J A * 
e 

M' = HPyPi.y), 

which is sufficient for calculating F'. 

F' - p' A'[l + ye(M')a] (1-2) 

The force balance, neglecting wall friction,  for test configuration 3a is 
shown in Fig.  1-1,   which contains the annular-type ejector without a 
second throat is 

F«  - F'+ F" (1-3) 

Test configurations 3b and c shown in Fig.  1-2 which contain the 
annular-type ejector having the second throat require an additional force 
to balance Eq.  (1-3).    This force balance equation is 

Fex - F' + F" - Framp (1-4) 

which is smaller than that in Eq.   (1-3) by the amount of the ejector 
second-throat ramp force,   Framp-    The ramp force is obtained from 
the average ramp pressure multiplied by the projected area of the ramp, 
which is 

Tramp   =   rramp   lAd    —   AS| ) \I-^/ 

The average ramp pressure was determined from the two-dimensional 
oblique shock relations given in Ref. 15 as if secondary mass flow rate 
was zero.  The oblique shock was assumed to be along a straight line from 
the beginning of the 5-deg ramp to the centerline of the diffuser in the 
plane of the entrance to the constant area ejector second throat.    This 
gave an oblique shock angle <j> - 28 deg from the direction of flow near 
the diffuser wall at the exit of the ejector nozzle as shown in Fig. 1-2. 
The ramp pressure was determined as the static pressure downstream 
of the oblique shock as follows: 

Mramp   =   f <M', ye.  <t>) 

giving 

<*>,„,   -Pte[(Pt)r„p/Pt.] 

and from 
Pramp/(Pt)ramp    =   f (Mramp,   Ye) 
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the ramp pressure was obtained as 

Pramp   =   (Pt)ramp   [Pramp|( Pt )ramp] 

Actually a more correct approach would be the use of a well-defined flow 
field from the method of characteristics for internal flow for an open- 
nosed body.    The oblique shock originating at the ramp lip is strength- 
ened as it moves toward the centerline,  and finally, beyond a certain 
point,  the flow becomes subsonic behind the shock as shown on page 689 
in Ref.   16.    This approach for determining the second-throat ramp 
pressure is given in Ref.   14. 

By assuming that the secondary stream does not expand or contract 
from the area of the rocket engine diffuser second throat,  then the pri- 
mary stream has freedom to expand to the annulus area (Ad)E  - (Ast)r. 
The measured nozzle lip static pressure for conical or contoured nozzles 
as shown in Figs.   15c,   19e,  20a,  and 20b is higher than the isentropic 
value based on area ratio by a factor of 1. 13 to 2.07.    The smaller half- 
angle conical and contoured nozzles have the largest pressure multiplying 
factor.    The pressure ratio from   A'/A*     =  17 v 2 2 is approximately two 
times the pressure ratio from[(Ad)e  - (Ast)J /A*  = 27. 06 given in Ref.   9. 
Therefore,  the ramp pressure was based on the inlet conditions from 
A7Ae   or M'.    From the oblique shock relations given in Ref.   15, the 
oblique shock angle, <4,   of the flow stream,  approach Mach number,   M', 
and the ejector driving pressure,   Pte ,  were sufficient for calculating 
the static pressure downstream of the oblique shock from the beginning 
of the ramp. 

The continuity,  momentum,  and energy relationships when applied 
as given in Ref.  13 give 

„(M«)  - i=-   IH^L    ,    ^A^j-ffr^) (I_6) 
F<=x M        gc i +yex Me* 

The   f±(M) equation is given in Ref.   13 in a curve (Fig.  II-2 of Ref.   13) as 
a function of y and M.    Since there are two fluids mixed in different pro- 
portions at the diffus er-eject or exit of the annular-type ejector when the 
rocket engine and ejector are operating,  then   raBX ,  Rev , yex .    and (Tt)ex 

are given as follows- 

mex   =   me   +■   mr ye* 

(mr/me) Rr + Re (T  Y 
ttex    =     1 _■_ Z   /m 

ex 1 + mr /me 1 + mr/me 
r • 

(mr /m. e) yr + y 5 

] + mr/me 

(m, /■ '• ) Ttr + Tte 
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The ft(Mex)   was calculated from the equation 

MM„)  = m„/Fex    VR"(Tt)" 
ßc 

and then from yex on the subsonic side of the curve in Fig. II-2 of 
Ref.   13,  Mex is obtained.    The momentum equation was then used in 
the form 

F 
(P«>lip  (theory)    =      A., (j+V„   M„3 ) (I"7) 

where  Fex   is obtained from either Eq.  (1-3) or (1-4),  depending on the 
test configuration being checked (3a,  b,-or c).    The  Aex is the corre- 
sponding diffuser-ejector exit area for the test configuration being 
checked.    Since the exit pressure is affected by the length of the diffuser, 
a correction to Eq.   (1-7) was necessary.    The correction factor used to 
correct the theoretical value from Eq.  (1-7) to the predicted value was 
the ratio [{Pex)iipy

//Pte]4Py/Ptx) obtained for the individual ejector perform- 
ance given in section 4. 4. 2 and Fig.   18. 

Therefore, 

(P    ) - (P    ) p (1-8) Vre*'lip  (pred)    ~   ^«"^lip  (theory) p    /p yX    °' 

Actually,  this correction factor may not necessarily be correct.    It is 
known to vary with (L/D)   and may vary with secondary mass flow.    The 
secondary mass flow could increase or decrease the correction factor 
depending on the value of (L/D)e as shown in Fig.   13a for a centerbody- 
type ejector configuration without an ejector second throat.    The correc- 
tion factor for the ejector second-throat configuration may decrease with 
secondary mass flow.    The geometric parameters and conditions for 
which the force balance calculations were made are given in Table 1-1. 
The results of this analysis for the three test configurations 3a,  b,  and c 
are presented in Table 1-2. 

Analytical results for test configurations 3b and c indicate that a cor- 
rection factor less than 0. 94 should be used.    If wall friction or viscous 
forces had not been neglected and if the exact value of rocket engine 
exhaust gas temperature were known,   closer agreement of predicted and 
measured exit pressure would probably have resulted. 
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Fig. 1-1   Cold Flow without Second-Throat Test Configuration 3a 
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TABLE 1-1 
GEOMETRIC PARAMETERS AND FORCE BALANCE CONDITIONS 

Parameter Test Configuration 

Ar*,  in. 

(Asl)r,   in. 

I Ad/A*), 

(A„e/A*)t 

Ae*i   in- 

(Ad).,   in-2 

(A6t),>  in-2 

Acx,   in. 

>'r 

ye 

Ttr.   °R 

Tte,   CR 

Plr,   psia 

Pie,   psia 

IP.«>1,P/P>. 

Pv/Ptx 

It- lb, 

lkm 
-°H 

ft. lb, 

3 a 

0.7512 

27.05 

61. 89 

18. 57 

1. 8601 

77.38 

77. 38 

1.30 

1.30 

86.0 

86.0 

0. 62 

3b 

760 760 

760 760 

10 10 

50 50 

0.7512 

27.05 

61.89 

18. 57 

1.8601 

77.38 

47. 99 

47. 99 

1.30 

1.30 

86.0 

86.0 

0. 94 

3 c 

0.6124 

27.05 

75.57 

40.0 

1.8601 

77.38 

47. 99 

47. 99 

1.28 

1.30 

67.0 

86.0 

Assumed 4000 

760 

11.00 

45. 66 

0.94 
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TABLE 1-2 
FORCE BALANCE CHECK 

Parameters Test Configural :ion 

Pte>   psia 

3a 3b 3c 

50 50 45.66 

Ptr.   Paia 10 10 11 

F',   lbf 160.54 160.54 147.83 

P',   psia 0.2224 0.2224 0.2048 

F",  lbf 10.20 10.20 8. 90 

P ",   psia 0.2224 0.2224 0.2048 

rramp»    '"f -- 25.25 23.28 

"ramp >   psia -- 0. 867 0. 792 

(Fex)lip,   Ifcf 170.74 145.25 133.46 

(Pex)lip   (theory)'    PSJa 1.7949 2.1613 2.0926 

^Pe»\ip   (prcJ)'    PS'a 1. 1128 2.0316 1.9671 

(Pex^lip  (measured)'    P3ia 1. 1000 1. 64 1.48 
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3.00 

8.12. 
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^ _±  

2.42 
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a.   Configuration   A 
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1.00   -   14   NC  Thread 

A*   -      0.2043 

A     /A*   *   11.77 ne 

b.   Configuration   B 

Fig. 1    Details of Simulated Rocket Engine Nozzles and Model Rocket Engine 
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All   Dimensions   in   Inches 

c.   Configuration C 

'■'■'-'■"'-" 

0.867 

■ ■■■"■■.■■■ ■ -< 

A*   -     0.5904 

A /A*   -   40.00 ne 

5.483 

Coordinates 
L r 

0.0000 0.4335 
0.1066 0.464 2 
0.3853 0.6346 
0.7266 0.8317 
1.2497 1.1058 
1.7767 1.3495 
1.9589 1.4268 
2.3038 1.5654 
2.6116 1.68 
2.8308 1.7625 
3.3579 1.9396 
3.8849 2.1008 
4.4200 2.24 52 
4.9390 2.3717 
5.4661 2.4835 
5.9931 2.5826 
6.5202 2.6711 
6.9337 Ü.7117 

d.   Configuration   D 

Fig. 1    Concluded 
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TABLE   I 
DESCRIPTION OF ROCKET ENGINE NOZZLE CONFIGURATIONS 

Nozzle Nozzle Geometry 
Configuration . 

{Fig.  1) d* , in. dnr -, in. 9, deg W'A* 

A (Conical) 0. 747 2.42 9.00 10. 50 

B (Conical) 0, 51 1. 75 13.25 11. 77 

C (Conical) 0. 978 4. 214 18.00 18.57 

D (Contoured 0.867 5.48 9. 75 40. 00 
Nozzle Rocket 
Engine) 
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TABLE   II 
DESCRIPTION OF TEST CONFIGURATIONS 

'I'lSBl 
Configuration 

N„. 

Hrw Itrl Engine 

CuiifiH.Nr4itiDn 
Confipiiruliiiii 

li.ss. 3. f,. (,, 0. aid 10) 
(A^/Ad), (AH,/Ad), <Ad/**\ (,WA*> = U../A*). (AM,/A- ), tO„rX (9..), 

(Way, 

U/A)c  "r 

r 

la A 1* 1.00 0,648 2S.05 -- -- 10.50 — 9.00 -- 

b A 2* 1.00 0  527 31. 58 -- -- 10. 50 -- 9,00 — 

c A 3* l.oo 0.510 29.05 -- -• 10.50 -- 9,00 -- 

d A 4* 1.00 0. 510 20.05 -- -- 10.50 -- 9.00 -- 

e A 5* 1.00 0. 5B0 20.05 -- -- 10.50 -- 9.00 - 

f A G* 1.00 0.643 29. Q5 -- -- 10. 60 ~ 9.00 -- 

g A 7* 1.00 0.G43 29.135 - -- 10,50 -- 9.00 -- 

h A 8* 1.00 0.643 29.05 - - 10.50 -- 9.00 -- 

• A 9* 1,00 0.643 29.05 - -- 10.50 -- 9.00 -- 

n 
2a 10' 1.00 0.633 - 44.43 7. 54 -- 10.00 -- 2. 60 

b — 10' 1.00 0,633 -- 44.43 7. 54 -- 10.00 — 8,00 

in 

2c B 10* 1.00 0,63 3 32. 11 44.43 7.54 11. 77 10.00 13.25 2. GO 

d B 10a' 0.54 0.633 32. 11 44.43 7.54 11. 77 10.00 13.25 1.58 

e B 10b* 0.64 0.033 »a. ti 44.43 7.54 11.77 10.00 13. 25 1,86 

3.09 3a C 11* 1.00 0. 585 61.80 41. SO IC.62 18.57 
Ref. 
Fig. 7 

18 00 

b C lla' 0. S2 Q. SB5 Gl.39 41   GO 16. 63 IE. 57 
Ri-f. 

IB.00 1.70 

IV 
3o D 11»' 0. 52 0. 585 75,51 41,50 16.62 40.00 

Tiff, 

Fiff.7 
9. 75 1. 70 

■1 D ia* o. sa 0.585 75. 5T 41.54 10. 5S 10.00 10. 00 9.75 0.31 

o 
n 

o 
In 
i 
to 
Ui 

Ejector Configuration Note-   * = Centerbody-Type Fjector 

'  = Annular-Type Ejccti>r 



TABLE   III 
SUMMARY OF COLD-FLOW CENTERBODY-TYPE EJECTOR BLOCKAGE STUDY (Phase I) 
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la 1 0.64S 1.00 aa. l IS ü. M o, 96 0. 2, !!, 
4,6 - 0, 2, 1, -- -- -- 

lb 2 D. 527 0.H1 21. c 111 0.40 1. 10 0. 1 2.3.J.S 0 i -- - 

lc 3 0. 510 0. 79 28. ! IS 0.-10 1. 10 0, 1 
2,2.5,4, 

5.0 
0 

1,2,2.5, 
4,5,G 0 — 2.50 2.50 — 6 

Id 4 0. 510 0.79 20. 1 
7-22 

(2-fiLep) 
-- -- -- 0, 1,2, 3, 

4.S.G -- - - - 

le 5 0. 580 0, B(J 29. 1 
7-22 

(2-Step) 
0.-12 0.0B O.O. 5 

l,2.bj, 
4. b -- 0,0.5.1, 

2. 03,4,b 
Q-~2. bi ?. b3—-6 

if S U. 613 1.00 70   1 
7-22 

(2-Step) 
0.43 0.94 

0.1, 
1.25 

1- ^, □, 1, 
1.21) 

1.50, 
1, 38 

0—4.3S -- 

lg 7 0.643 l.oo 20, 1 22 0,42 0. 33 
0,1,2, 
2.25, 
5.50,h 

3.5 1,0 
0,2, 2. 5, 

2.50,3,5, 
5.50 

D — b -- 

Hi (1 U. b4J 1.00 29. 1 30 — -- 0, 1,2,3. 
4,5,0.0. 25 
n.78, e 

-- — -- 

li 9 n.C43 l.oo '9. 1 
30-22 
(2-btep) 

■- - 0, 1,2.3. 
J4,5,b -- - — -- 

> 
m 
O 



UNCLASSIFIED 

Security Classification 

DOCUMENT CONTROL DATA - R&D 
(Security daaarttcatiun ol title,  body el abstract and tndexrng ennotatron must he entered when the overall report re claesifietfj 

I    ORIG1NATIN G ACTIVITY (Corporate author) 

Arnold Engineering Development Center 
ARO,   Inc.,   Operating Contractor 
Arnold AF Station,   Tennessee   

2a    RCPORT SECURITY   C L ASSI F1C AT lOr. 

UNCLASSIFIED 
26    GROUP, 

N/A 

3    REPORT  TITLE 

DIFFUSER AUXILIARY EJECTOR DEVELOPMENT FOR THE DESIGN OF THE 
J~3 LEM DESCENT EXHAUST SYSTEM 

4    DESCRIPTIVE NOTES (Typa ol report and Incluolv« date»; 

N/A 
S   AUTHORCSJ (Lout name. 11 ret name, initial) 

Hale,   J.  W.   and Gobbell,  W.   C. , ARO,   Inc. 

6    RE PO RT DATE 

February 1966 
7a     TOTAL  NO     OF   PAGES 

83 
7b    NO  OP REPS 

16 
8a CONTRACT OP GRANT NO 

AF 40(600)-1200 
b X«9tfX83CX<X 

Program Element 65402234 

9a    ORIGINATOR'S  R SPORT NUMSERfS; 

AEDC-TR-65-255 

9 b   OTHER« EPORT   H 0(S) (A ny othar numösra that may be aaat0ind 
thin tvporl) 

N/A 
10   AVAILABILITY/LIMITATION NOTICES 

Qualified users may obtain copies of this report from DDC.    Release to 
foreign governments or foreign nationals must have prior approval of AEDC. 

II    SUPPLEMENTARY NOTES 

N/A 

12   SPONSORING MILITARY ACTIVITY 

Arnold Engineering Development Center 
Air Force Systems Command 
Arnold AF Station,   Tennessee  

13   ABSTRACT 

A four-phase investigation was conducted to select a rocket engine 
diffuser auxiliary ejector configuration.    The configuration was required 
to maintain test cell pressure  sufficiently low to keep the rocket engine 
nozzle flowing full at 10 percent of full power while operating against an 
exit pressure of approximately 1. 50 psia.    The investigation was in sup- 
port of the LEM Descent test program scheduled for the J-3 test cell. 
The annular-type auxiliary ejector was  selected because of its superior 
performance over the centerbody-type ejector.    A successful model 
rocket engine throttling demonstration to 1 0 percent of full power was 
made with the annular-type auxiliary ejector.    An ejector second throat 
(having a contraction area ratio of 0. 62) was used to increase the limit- 
ing diffuser exit pressure.    Pressure distribution through the J-3 model 
ducting was obtained at various exhaust header pressures. 

DD FORM 
1   JAN «4 1473 UNCLASSIFIED 

Security Classification 



UNCLASSIFIED 
Security Classification 

KEY WORDS 
LINK A LINK   B LINK C 

rocket engine testing 
altitude test facilities 
ejectors 
diffus er s 
APOLLO LEM engine 

INSTRUCTIONS 

I.   ORIGINATING ACTIVITY:   Enter the name and address 
of the contractor, subcontractor, grantee, Department of De- 
fense activity or other organization ('corporate author) issuing 
the report. 

2«.   REPORT SECURITY CLASSIFICATION:   Enter the over- 
all security classification of the report.   Indicate whether 
"Restricted Data" is included.   Marking is to be in accord- 
ance with appropriate security regulations. 

26.   GROUP:    Automatic downgrading is specified in DoD Di- 
rective 5200.10 and Armed Forces Industrial Manual.   Enter 
the group number.   Also, when applicable, show that optional 
markings have been used for Group 3 and Group 4 as author- 
ized 

3.    REPORT TITLE:    Enter the complete report title in all 
capital letters.   Titles in all cases should be unclassified, 
tf a meaningful title cannot be selected without classifica- 
tion, show title classification in all capitals in parenthesis 
imn.ediately following the title. 

A.   DESCRIPTIVE NOTES:   If appropriate, enter the type of 
report, e.g., interim, progress, summary, annual, or final. 
Give the inclusive dates when a specific reporting period is 
covered. 

5. AUTHOR(S):    Enter the name(s) of authors) os shown on 
or in the report.    Entei last name, first name, middle initial. 
If military, show rank and branch of service.   The name of 
the principal « 'thor is an absolute minimum requirement. 

6. REPORT DATI^    Enter the date of the report as day, 
month,  year, or month, year.   If more than one date appears 
on the report, use dale of publication. 

Is.   TOTAL NUMBER OF PAGES:   The total page count 
should follow normal pagination procedures, i.e., enter the 
number of pages containing information. 

76.    NUMBER OF REFERENCES    Enter the total number of 
references cited in the report. 

8a.    CONTRACT OR GRANT NUMBER:    If appropriate, enter 
the applicable number of the contract or grant under which 
the report was written. 

8b, flc, & 8d. PROJECT NUMBER: Entei the appropriate 
military department identification, such as project number, 
subprojecl number,  system numbers, task number,  etc. 

9a.   ORIGINATOR'S REPORT NUMBER(S).    Enter the offi- 
cial report number by which the document will be identified 
and controlled by the originating activity.    This number must 
be unique to this report. 

96, OTHER REPORT NUMbER(S): If the report has been 
ass:gned any Other report numbers (either by the originator 
or by the sponsor), also enter this number(s). 

10.    AVAILABILITY/LIMITATION NOTICES:    Enter any lim- 
itations on further dissemination of the report, other than those 

imposed by security classification, using standard statements 
such as: 

(1) "Qualified requesters may obtain copies of this 
report from DDC " 

(2) "Foreign announcement and dissemination of this 
report by DDC is not authorized." 

(3) "U.  S. Government agencies may obtain copies of 
this report directly from DDC.   Other qualified DDC 
users shall request through 

(4)     "U. S. military agencies may obtain copies of this 
report directly from DDC    Other qualified users 
Shall request through 

(5)     "All distribution of this report Ls controlled.   Qual- 
ified DDC users shall request through 

If the report has been furnished to the Office of Technical 
Services,  Department of Commerce, for sale to the public,  indi- 
cate this fact and enter the price, if known. 

11. SUPPLEMENTARY NOTES: Use for additional explana- 
tory notes. 

12. SPONSORING MILITARY ACTIVITY: Enter the name of 
the departmental project office or laboratory sponsoring (pay- 
ing lor) the research and development.    Include address. 

13     ABSTRACT:   Enter sn abstract giving a brief and factual 
summary of the document indicative of the report, even though 
it .nay also appear elsewhere in the body of the technical re- 
port.   If additional space is required, a continuation sheet shall 
be attached 

It is highly desirable that the abstract of classified reports 
be unclassified.    Each paragraph of the abstract shall end with 
an indication of the military security classification of the In- 
formation in the paragraph,  represented as <TS). (S), (C). QI (U) 

There is no limitation on the length of the abstract.    How- 
ever, the suggested length is from 150 to 225 words. 

14.   KEY WORDS.    Key words are technically meaningful terms 
or short phrases that characterize a report and may be used as 
index entries for cataloging the report      Key words must be 
selected so that no security classification is required.    Identi- 
fiers, such as equipment model designation, trade name, military 
project code name, geographic location, may be used as key 
words but wll be followed by an indication of technical con- 
text.   The assignment of links, rules, and weights is optional. 

UNCLASSIFIED 

Security Classification 


